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We have aimed at developing a general methodology for the isolation of 
enzymatic activities from large repertoires of protein displayed on the 
surface of a filamentous phage. When selecting for protein binders by 
phage display, phage particles with suitable sp>ecificities are physically 
isolated by affinity capture and amplified by bacterial infection. Selection 
for catalysis mediated by enzymes displayed on filamentous phage is 
more difficult, as reaction products (which represent the biochemical 
memory of the reaction catal3rsed by the phage particle) diffuse away 
after the reaction is complete. We reasoned that if we were able to anchor 
the reaction products on the phage surface, the catalytically active phages 
could then be physically isolated using specific anti-product affinity 
reagents. 

We achieve the conditional anchoring of reaction substrates and pro- 
ducts on phage by displaying enzyme-calmodulin chimeric proteins on 
filamentous phage as gene IE fusions. Such phage particles can be 
targeted in a stable fashion {k^n < 10"** s~*) by chemical derivatives of a 
calmodulin-binding peptide. The peptide-phage complexes are stable in 
purification procedures such as capture with magnetic beads and poly- 
ethylene glycol precipitation, and can be conditionally dissociated by 
addition of calcium chelators. Glutathione-S-transferase and an endopep- 
tidase were used in model selection experiments to demonstrate that it is 
possible to isolate catalytic activities from calmodulin-tagged enzymes 
displayed on filamentous phage, with enrichment factors >50 per round 
of selection. 

(Q) 1999 Academic Press 
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Introduction 

The development of enzymes which catalyse 
novel reactions is a daunting biochemical chal- 
lenge, which promises to be impK>rtant for the 



Abbreviations u.'^ed: PMSF, phenylmethylsulfonyl 
fluoride; CaM, calmodulin; PEG, polvethyleneglycol 
6000; KM13, helper phage KM13; VCS-M13, helper 
phage VCS-M13; submut, subtilisin mutant; TBS, 50 mM 
Tris-HCl (pH 7 A), 100 mM NaCJ; TBSH, TBS, 20 mM 
EOT A; TBSC, TBS, 1 mJVl CaCl2; t.u., transformijig units; 
GST, glutiithionc-S- transferase; biotin-I fPDF, A/-[6- 
(biotinnmido)hcxyIl-3'-(2'-pyridyldfthio)propionnmidc; 
BSA, bovine serum »i1bumin; rbs, ribosome binding site; 
PBS, plu>sphnto-buffereJ saline. 
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understanding of how enzymes work (Fersht, 
1984), for the production of fine chemicals 
(VNHiitesides & Wong, 1985; Jackson et aL, 1994; 
Wagner et aL, 1995) and for medical applications 
(Bosslet et aL, 1994; Kerr et aL, 1995). The isolation 
of novel useful enzymes should, in principle, be 
possible, if one could generate large protein reper- 
toires (for example, by combinatorially mutating 
residues in the active sites of existing enzymes; 
Reidhaar-Olson & Sauer, 1988) and if a method- 
ology was available, that allows the efficient selec- 
tion and amplification of the enzymatic activity of 
interest. 

Tile display of proteins on the surface uf fila- 
mentous bacteriophcigo by fusion to n minor coat 
protein of phv.ge (pIII, Srailh, 1985), together with 
the ^eiienition t»f lari^e niacuiruolecLilai* repcr- 
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toires and use of powerful selection-amplification 
schemes, has led to the isolation of several classes 
of useful proteins. For example, high-affinity anti- 
bodies have recently been isolated without immu- 
nisation (Winter et al,, 1994; Vaughan et al, 1996; 
Pini et al., 1998). In a similar fashion, DNA-bind- 
ing proteins with altered DNA-binding specificity 
(Greisman & Pabo, 1997), improved hormones 
(Lowman & Wells, 1993) and enzyme inhibitors 
(Roberts et al, 1992) have been isolated. Enzymes 
have been expressed on the surface of filamen- 
tous phage (McCafferty et al, 1991; Corey et al, 
1993; Soumillion et al, 1994; Widersten & 
Mannervik, 1995). One could use phage display 
technology for the selection of enzyme activity, 
for example, by challenging protein libraries on 
phage with suicide inhibitors (Soumillion et al, 
1994) or transition state analogues (Widersten & 
Mannervik, 1995). A more general methodology, 
however, would feature the physical isolation of 
the phage enzymes that convert the substrate of 
the reaction of interest into the desired product. 
Such a methodology would directly select for cat- 
alysis, and would not require knowledge of the 
structure of the transition state and of the cataly- 
tic mechanism. 

We propose the display of enzyme-calmodulin 
fusions to gene III on the surface of filamentous 
phage as a means of providing the conditional 
anchoring of reaction substrates and products on 
phage (Neri et al, 1997). The prindple of the 
methodology is depicted in Figure 1, The sub- 
strate of the reaction of interest is chemically con- 
jugated to a recently isolated high-affinity 
calmodulin-binding peptide {K^ = 2 pM; 
Montigiani et al, 1996). The aim is to keep the 
substrate of reaction (and eventually the reaction 
product) non-covalently but tightly linked to the 
phage particles. We expect that the phage dis- 
playing a catalytically active enzyme will convert 
the substrate into the product efficiently with an 
intramolecular reaction. Antibodies (or other affi- 
nity reagents) against the reaction product will 
eventually be used for the physical selection of 
those clones that have catalysed the reaction. As 
the complex between calmodulin and the peptide 
derivative is calcium dependent, a mild and 
selective elution can be adiieved by the addition 
of calcium chelators. 

Recently, Federsen and colleagues have 
described a method for directed evolution and 
functional cloning of enzymes (Pedersen et al, 
1998) that has similarities to the method 
depicted in Figure 1 (Neri et al, 1997). In their 
scheme, the authors attach the reaction substrate 
covalentiy to one or more copies of the minor 
coat protein pill of the phage, while emother 
copy uf pill is fused to the enzyme uf interest. 
The linker between substrate and pIH is chosen 
sufficiently long to allow for an intramolecular 
fcaeliiiii i»a pliage. 




Figure 1, Calmodulin-tagged phage enzyme for the 
selection of enzymatic activity. High-affinity calmodu- 
lin-binding peptides can be used for the non-covalent 
stable anchoring of reaction substrates and products on 
the surface of filamentous phage, and for the selection 
of active phage enzymes with anti-product affinity 
reagents. The calmodulin/ligand complex can be disso- 
ciated by addition of calcium chelators. 



Results 

Calmodulin fusion proteins can be displayed 
on filamentous phage 

Two phagemid vectors were produced that 
allow the display of calmodulin-tagged enz)anes 
on filamentous phage (Figure 2). The phagemid 
vector pDN323 is a derivative of pHENl 
(Hoogenboom et al, 1991) containing a multiple 
cloning site, the calmodulin gene, an amber codon 
and the gene III sequentially fused. Phagemid 
pSD4 is a derivative of pDN323, with a 16 amino 
acid residue peptide linker between calmodulin 
and enzyme. 

In order to test whether the calmodulin tag of 
pDN323 was compatible with protein display on 
filamentous phage, we cloned peptides and folded 
proteins into pDN323 or pSD4 (Table 1). From 
these vectors, the corresponding phage particles 
were produced using standard procedures. In all 
cases tested, high phage titres were obtained (>10^° 
transforming units (t.u.) per ml in bacterial super- 
natants), indicating that the calmodulin tag had no 
deleterious effect on phage production. 

The phage preparations were assayed by 
enzyme-linked immunosorbent assays (ELISA), 
using suitable affinity reagents (Table 1; Materials 
and Methods). Figure 3 shows some representative 
ELISA results obtained with enzymes displayed on 
calmodulin-tagged phage. Binding to the biotiny- 
lated derivaHve of peptide CAAARWKKAFIAV- 
SAANRFKKIS with affinity to calmodulin in the 
picomolar range (Montigiani et al, 1996) was 
observed in the presence of calcium, but not when 
the Ctilcium chelntcK ethvlendiominotetmncetic ticid 

(EDTA) was added. Pha^u particles iiul display in^ 
ealtiK»Ji-iiiii did nut ie..iet in this as:>a) . 
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Figure 2. Phagcmid vectors. Schematic representation of phagemids pDN323, pSD4 and pAH5, for the display of 
calmodulin-tagged enzymes on filamentous phage. Relevant single restriction sites are indicated. Rbs, ribosome bind- 
ing site; PelB, leader peptide; OmpA, leader peptide; lin, polypeptide linker; CaM, calmodulin; glll, gene HI; AMP, 
ampicillin resistance gene. The approximate location of LMB3 and fdseql priming sites is indicated (see also Materials 
and Methods). 



Calmodulin and specific peptide derivatives 
form a kinetlcally stable complex on 
filamentous phage 

The selection methcxJology depicted in Figure 1 
crucially depends on the formation of a stable 
complex between the calmodulin-binding peptide 
derivative and calmodulin. We tested the stability 
of this interaction in two ways. 

In parallel reactions, we incubated phages dis- 
playing calmodulin with biotin-labelled high- 
affinity (biolin-CAAAKWKKAFlAVSAANRfKKlS) 
and medium-affinity (biotin-CAA ARAKKNFIA- 
VS/NAXRFKKIS) CvilinoduIiii-biiiJin^ pep tides 
(Munli^iniii ct 1996). Wc tiic-ii *KicluJ a inuku' 



excess of peptide CAAARWKKAFIAVSAANRFK- 
KIS and monitored the time-course of the compe- 
tition reaction by ELISA, capturing phage particles 
on a streptavidin-coated plate. The results, illus- 
trated in Figure 4(a), show that ordy the high-affi- 
nity binding peptide forms a complex stable for 
more than two hours (Ic^ff < 10'"* s~^). 

The stability of the calmodulin-peptide 
(CAAAKWKKAFIAVSAANRFKKIS) complex at 
pH values between 4 and 10 was also investigated 
by cunipL'tition experiments witli electroLhcnii- 
himincscent detection (IVeri rt nl., ^99(x I'ini rt nl., 
199S). Over lliis pH range, the complex v/.i.. ^Mble 
(^ott ' ^ * Jatti nut ii) su^^esiin^ iiuil 
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Table 1. Peptides and proteins displayed on calmodulin- 


-tagged filamentous phage 


Protein displayed 


Phagemid 


Cloning* 


Capturing reagent for EUSA 


Linear FLAG peptide 


pFV5 


a 


(1) CDP 

(2) Anti'peptidc MAb 


Anti-lysozyme scFv antibody 
fragment D1.3 


pSM5 


a 


(1) CBP 

(2) Hen egg lysozyme 


vjiuiauuone D'tronsierase i ) 


yoUo 


a,D 


(1) CBP 

(2) Anti-GST MAb 


Subtilisin mutant ("submut") 


pAH5 


. c 


(1) CBP 

(2) Chymotrypsin inhibitor 2 


Catalytic tyrosine kinase domain 
of human insulin receptor (IRK) 


pAHl 


a 


(1) CBP 


Catalytic tyrosine kinase domain 
of human Ick 


pSM6 


a 


(1) CBP 

(2) Anti-/cjt PAb 



Reagents for phage EUSA: CBP, biotinylated calmodulin binding peptide biotin-CAAARWKKAFLWSAANRFKKIS (Montigiani 
et al., 1996) immobilised on streptavidin-coated plate; MAb, monoclonal antibody; Pab, polyclonal antiserum. Phage ELISA assays 
were performed according to standard methodologies (Nissim el aL, 1994), using a commercially available anti-M13-horscradish per- 
oxidase conjugated polyclonal antibody as detecting reagent for the phage partides. 

* See also Figure 7 and the Discussion. 
The phagemid was obtained by inserting in (a) pDN323, (b) pSE>4 or (c) pAH5 the gene coding for the protein to be displayed 
on phage (see Figure 2 for schonatic representation of the phagemid vectors). 



our methodology should be applicable to a variety 
of different experimental conditions. 

In many enzyme-catalysed reactions it is 
important to use reagents at relatively high concen- 
trations (comparable to the Michaelis-Menten con- 
stant), which may have to be removed from the 
phage solution before the capture step (Figure 1; 
see below), as they might interfere with the selec- 
tion efficiency. A solution to this problem would 
be to separate the phage particles from small 
organic molecules by selective precipitation in the 
presence of polyethylene glycol (PEG), a procedxire 
that requires sufficient stability of the calmodulin- 
peptide complex during the precipitation step. 

We performed such precipitation assays, and 
monitored the efficiency of the methodology by 
ELISA and by phage htre determination. The 
results, reported in Figure 4(b), indicate that the 
calmoduliii-biotin-CAAARWKKAFIAVSAANRFK- 
KIS complex on phage is stable even after PEG 
precipitation. 

Calmodulin-tagged enzymes on phage can 
efficiently be selected and amplified using 
reaction products covalently bound to a 
calmodulin-binding peptide 

Selecting for catalysis according to the scheme of 
Figure 1 requires affinity reagents which are 
specific for the reaction product. We used products 
of two model enzymatic reactions to demonstrate 
that phage particles carrying the reaction product 
anchored on their surface via the calmodulin tag 
can be rescued and amplified using suitable affi- 
nity reagents. We chose as model enzymes: (i) the 
endopeptidase "submut" (a subtilisin mutant; 
Carter & Wells, 1987; Table 1), which cleaves pep- 
tides Cv>iiluinin^ Lllc AAl lY sequence (ri^...ie T-a), 
and (ii) ^kiUiLliiLU ic-S-ticmsicrti^c (GST) hum 5l/./V- 



tosoma japonicum, that catalyses the formation of a 
covalent carbon-sulphur bond between glutathione 
and reactive aromatic halide groups (Mannervik & 
Danielson, 1988). 

Biotin-CAAARWKKAFIAVSAANRFKKIS may 
represent the product of a bimolecular covalent 



2.5 




1 2 3 4 5 

Figure 3. Functional evaluation of calmodulin-tagged 
phage. ELISA results obtained with glutathione-S-trans- 
ferase displayed on calmodulin-tagged phage (clone 
pSD8; Table 1) and biotin-labeUed CAAARWKKAFIAV- 
SAANRFKKIS peptide. GST-CaM-phage showed bind- 
ing ill the presence (1), but not in the absence (2) of tlie 
biotinylated peptide. The calcium chelator TDTA also 
abolished binding (3). A non-sptrcific phrtge (4; CST- 
phago from phagemid pFV7, Materials and Mi^thods) 
and milk (5) were also negative. Similar results were 
reprouucibly obcciined vviiii oilier c<iiinoUuiin-u)gged 
piuij^*.::» ; I able 1). 
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time (s) 

Figure 4. Stability of calmodulin-tagged phage/ peptide complexes, (a) Competition of (calmodulin-phage) /(biotin- 
peptide) complex with a 1000-fold molar excess of non-biotinylated calmodulin-binding peptide, detected by ELISA. 
Squares; CAAARWKKAFIAVSAANRFKKIS (peptide with high affinity for calmodulin); circles, CAAARAKKNFIAV- 
SAANRFKKIS (moderate affinity for calmodulin; Montigiani et al, 1996). (b) Stability of (calmodulin-phage)/ (biotin- 
CAAARWKKAFIAVSAANRFKKIS) complex after precipitation in PEG, detected by ELISA on streptavidin-coated 
plate. The ELISA signals before (1) and after (2) PEG precipitation are comparable. This result is consistent with the 
negligible loss of phage titre after PEG precipitation. In sample 3, 2% milk in TBSC was used instead of phage. Cal- 
modulin-phage was produced from phagemid pDN323 (Figure 2). 




Figure 5. Selection i>chuiiiei> witli reacLioii products anchored on pipage via llie calnioduUji tag. In tJiebo i»cJieme:>, 
reaction products wore generated by addition of purified enzymes to the reaction mixture, followed- by capture on 
calmodulin phage, (a) The ondopeptidase subniut clonvos thr peptide between Y and D. The resulting peptide is cap- 
tured with the monoclonal ontibody Ml, specific for peptides carrying the sequence DYKDE at their N terminus, 
(b) CST catalyses the nucleopliilic attack of the thiol group of glutathione (fused at the N-tenninal extremity of a 
caltiu>dulin binding peptide; see the text) i)n l-cliii>ru-2,4-».iiniU4)benzene. 'J*he resuliing leaciion piuduct is captured 
by a specific scl"\ iintibi>dy nagiiienc. 
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Table 2. Enrichment of enzyme-calmodulin-fd phage over enzynne-fd phage fusions by capture with a biotin-labelled 
calmodulin-binding peptide and streptavidin-coated magnetic bead 



Titre A 

E-CaM-fd' 

(tu./ml) 


Input 

Titre B 
E-fd* 
(t.u./ml) 


Ratio 
A/B 


Rounds of 
Selection 
(enzyme E) 


Titre 
(t.u./ml) 


Output 
Ratio** 
A/B 


Enrichment 


5 X l(f 


5 X lO^*' 


1:10^ 


1 (GST) 


7 X 10^ 


40:0 


>4 X 10* 


3 X 10» 


3 X 10" 


1:10^ 


1 (IRK) 


5 X 10^ 


26:1 


2.6 X 10* 


1 X 10* 


1 X 10" 


LIO* 


2 (GST) 


5 X 10=" 


20:0 


>2 X 10^ 


5x 10* 


5 X 10'° 


1:10* 


2 (GST) 


2 X 10'' 


20:0 


>2 X 10^ 


6 X 10^ 


6 X 10» 


1:10* 


2 (IRK) 


1 X 10^ 


15:4 


3.8 X 10* 


6 X 10^ 


6 X 10" 


1:10* 


2 (IRK) 


5 X 10^ 


11:8 


1.4 X 10* 



Biopanning experiments were performed as described Materials and Methods. "Input" phages are those used for the selection; 
"output" phages are those recovered after the biopanning procedure (but before £. colt amplification). 

■ Phages prepared from pSD3 and pFV7, respectively (Materials and Methods). E is enzyme; GST is glutathione-S-transferasc; IRK 
is the tyrosine kinase domain of the insulin receptor; CaM is calmodulin. 

^ The sum of A+B is equal to the total amount of colonies screened by PGR. 



bond-forming reaction, in which one of the two 
reagents is coupled to the peptide and the other 
reagent is biotinylated (see below). 

As summarised in Table 2, phage displaying the 
GST-calmodulin fusion was mixed with a 1(K)0- 
fold molar excess of phage displaying only GST, 
and incubated with biotin-CAAARWKKAFIAV- 
SAANRFKKIS. The resulting mixture was then 
selected using streptavidin-coated magnetic beads 
and amplified by bacterial infection. A similar 
selection experiment was performed with phages 
displaying a tyrosine kinase (Table 2). PGR screen- 
ing of infected bacterial colonies revealed an 
enrichment factor of at least 20000:1 in a single 
roimd of panning. Selection of calmodulin-tagged 
phage at greater dilutions (1:10*; Table 2) led to an 
enrichment factor greater than 10*:1 after two 
rounds of paiuiing. This good selectivity is the 
result of the high-affinity capture reagent (strepta- 
vidin) and of the mild and selective elution proto- 
col used (calcium chelation by EDTA). 

Peptide DYKDEGGGAAARWKKAHAVSAAN- 
RFKKIS represents the cleavage product of a 
longer peptide R-DYKDEGGGAAARWKKAHAV- 
SAANRFKKIS, in which the peptidic sequence R is 
removed by an endopeptidase. 

The monoclonal antibody Ml recognises peptides 
carrying the DYKDE sequence at their N-terminal 
extremity, but not peptides with the DYKDE 
sequence at internal positions (Hopp el aL, 1988). 

We incubated calmodulin-tagged phage display- 
ing the endopeptidase submut in the presence or 
in the absence of 100 nM DYKDEGGGAAARWK- 
KAFIAVSAANRFKKIS. We then removed the 
excess peptide by precipitation with PEG, and cap- 
tured tfie phage particles with biotin-labelled Ml 
antibody immobilised on streptavidin-coated mag- 
netic beads. Titres of phage recovered were repro- 
ducibly >1 00-fold higher when the phage had been 
incubated with the peptide. 

Tlie results described in above were obtained not 
only with purified reaction products, but also by 
//; ^i..;jci\itioi» of products by adJitU^i^ purl 
jicvl cii/.vmc the rotictit»n inixture, Jef'iLiud in 



Figure 5 (see Materials and Methods). In negative 
control experiments, no enzyme was added. 

For GST, several capture strategies could be 
envisaged (see below for a more detailed descrip- 
tion). A possible strategy features the use of 
a monoclonal antibody as affinity reagent 
(Figure 5(b)), which has been isolated from a 
synthetic antibody phage display library, and 
which is specific for S-(2,4-dinitrophenyl)glu- 
tathione (Figure 6). Enrichment factors relative to 




Figure 6. Reactivity of a recombinant antibody frag- 
ment: specific for S-(2,4-dinitrophenyl)-glutathione. 
ELISA reactivity of the recombinant antibody G3, iso- 
lated from a synthetic antibody phage library, against 
S-(2,4-dinitrophenyl)-glutathione and irrelevant antigens. 
Note that tlie anlibody reaclb witli biotinylated S-(2,4- 
dinitrophcnyO-glutalhione (Ci-DNP), but not with the 
phenvlalonine-contninmg peptide CAAARWKKAFf AV- 
SAANRFKKIS (Pep). Other nnligens: Ovn, ovnlbumin; 
BSA, bovine serum albumin; ED-B, ED-B domain of* 
fibtonceUii, >trep, .>u cpuividiii; G51 i, bioUnylciled glutti- 
rhiDiie tMpiuivvl on slrepuu iLiiii-ciniled pliUe. 
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the negative controls were 300 for submut, and 
2200 for GST, 

Model selection experiments with the 
endopeptidase submut 

Display of submut on calmodulMagged phage 

One of our long-term goals is the development 
of novel sequence-specific endopeptidases. In order 
to study the selection strategy of Figure 1 in this 
context, we performed selection experiments using 
a specific endopeptidase, submut, as the model 
enzyme. Submut is a mutant of subtilisin, in which 
the catalytically relevant histidine-64 residue has 
been replaced by alanine (Carter & Wells, 1987), 
and which has been engineered to facilitate display 
on phage (see below). An analogue of submut, 
"genenase I", has been used for a variety of bio- 
chemical applications (Ward et al., 1996) and is 
commercially avaUable. 

The zymogen of subtilisin and of subtilisin 
mutants contains an inhibitory Pro domain located 
N-termirwlly, which is cleaved to jdeld the mature 
protease. The Pro peptide is reported to be essen- 
tial for protease folding. However, unfolded 
mutant subtilisin can be refolded by the addition 
of purified Pro peptide (Strausberg et al, 1993). 
Deletion of a "calcium loop" in subtilisin further 
increases the rate of subtilisin folding (Gallagher 
et al., 1993). The mutation of alanine 73 to leucine 
was also reported to increcise protein stability 
(Strausberg et al, 1995). 

In order to satisfy the folding requirements of 
subtilisin, we constructed the bicistroruc phagemid 
vector pAH5 (Figure 2), which expresses separately 
the Pro peptide and the mature subtilisin mutant 
fused to calmodulin-pIII (Table 1). 

Catalysis-mediated enrichment of submut-CahA- 
phage particles 

In order to evaluate whether submut-CaM- 
phage can be eruriched for catalysis, we performed 
selections incubating the 10^° phage particles with 
three different peptides containing the DYKDE 
sequence (boldface): 1, DYKDEGGGAAARWK- 
KAFIAVSAANRFKKIS (positive control); 2, GAA- 
HYDYKDEGGGAAARWKKAFIAVSAANRFKKIS 
(substrate of submut); and 3, GDDDDKDYK- 
DEGGG A A ARWKK AFT AVSA ANRFKKIS (nega- 
tive control). 

After precipitation with PEG, 3 x 10^ (1), 1 x 10* 
(2) and 9 X 10^ (3) phages were rescued, respect- 
ively, using the Ml antibody as capture reagent. 
Enrichments of peptide 2 over peptide 3 was not 
observed when GST-CaM-phage was used. 

On the basis of the k^^^ value of submut (10~^ s"^; 
Carter et al., 1989), we can calculate that the reaction 
time used tor the selection (15 minutes) was 
sufficiently It^ng for mcdinting one intrn molecular 

C^ii iVcK-^icHi ui\ p'lui^c. Tlw I'ubLilts obttiincJ inJicalc 
ihcil Mibniui CaM-piicige cjn be uniichcd when <\ 



specific peptide is used. However, the fact that more 
phage is rescued when the positive control peptide 
(1) is used, suggests that either the enzyme is not 
completely active on phage, or that submut is less 
abundant than calmodulin on phage (as would 
be the case if proteolysis between submut and 
calmodulin takes place). 

To further demonstrate that submut-CaM-phage 
can be selected by virtue of its catalytic activity, 
we incubated submut-CaM-phage and GST-CaM- 
phage in 0.9:1 ratio in the presence of peptide (2), 
and we captured the phage as described above. 
After selective elution, phage was used to infect 
Escherichia coU bacteria. After this single round of 
selection, PCR screening of individual colonies 
showed that the ratio of submutrGST phages was 
49:1 (enrichment factor = 54). 

Incubation of submut-CaM-phage and GST- 
CaM-phage with the negative control calmodulin- 
binding peptide (3), which is not a substrate 
of submut, resulted in a slight enrichment of 
GST phage over submut phage (enrichment 
factor = 1.1). 

We anticipate that increased enrichment factors 
could be obtained with endopeptidases that are 
better expressed on phage, and which have fewer 
folding requirements, for example the cydophilin 
mutant "cyproase" (Quemeneur et al., 1998; 
unpublished observation). 

Model selection experiments with glutathione- 
s-transferase from S. japonlcum 

A number of other parameters can ii\fluence the 
efficiency of the selection of phage enzymes 
according to the scheme of Figure 1. To study the 
effect of these parameters, we have chosen gluta- 
thione-S-transferase from S. japonlcum, as a model 
er\zyme ttiat catalyses a bimolecular reaction. 

Display of GST on calmodulin-tagged phage 

GST is enzy ma tically active only £is a dimer. One 
way to promote the assembly of dimeric GST onto 
the minor coat protein pUI of filamentous phage is 
to promote the heterodimerisation between GST- 
CaM-pIII fusion and GST in the periplasmic space. 
In order to have GST and GST-fusion encoded by 
the same vector, we have exploited the property 
that the amber cod on is read either as a stop or as 
a glutamic acid by suppressor strains such as TGI 
E. coli bacteria (Hoogenboom et al., 1991). 

We have prepared and characterised four con- 
structs that encode different formats of GST-calmo- 
dulin fusions on phage (Figure 7). The phage titres 
obtained and the ELISA results indicated that GST- 
calmodulin-pni fusions can be produced with 
different sequential orders of the GST-calmoduIin 
genes (Figure 7). 

Western blot analysis with phage preparations 
obtained from phngcrv.id pSD3 and pSDS (Figure 7) 
had iiiJIcatcd ll.Ctt the CST CuM-|^III fuoiuii prolLU. 
v\ a> poorly iucor jioJ ijiU> tlic plia^o Cuinparcd 
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Figure 7. Formats of GST-calmodulin fusion proteins displayed on phage. Phagemid vectors that promote the dis- 
play of different formats of GST-calmodulin fusions on phage. pSD4 is also presented, as reference phagemid 
(Figure 2). Phage ELISA was performed as in Table 1. The corresponding phage particles were produced using two 
different helper phages: VCS-M13 and KM13. Phages produced with VCS-M13 had identical titre, even if they were 
treated with trypsin before bacterial infection. The loss in titre of phages produced with the "cleavable" KM13 helper 
phage after incubation with trypsin corresponds to the phages that did not display the GST-CaM-pIII fusion on their 
surface (Kristenscn & Winter, 1998). 



to the pIII protein (data not shown). This appeared 
to reflect better incorporation of pIII from ttie help- 
er phage, as shown by the use of a helper phage 
(KM13) in which the pIII protein of fiie helper 
phage (but not that of fusion protein) can be 
cleaved with trypsin so as to render it incapable of 
mediating infection (Kristensen & Winter, 1998). 
Thus, after proteolysis only those phages that had 
incorporated the fusion protein should be infective. 

From the loss in titre after proteolysis we esti- 
mated that approximately only one phage particle 
in a thousand had incorporated the GST-CaM-pTIT 
fusion protein (Figure 7). Phages displaying only 
calmodulin showed a better incorporation of pIII 
fusion protein (1:70; pSD4 in Figure 7). 

The lower expression of GST-CaM-pTTI on 
phage, compared to CaM-pIIl, was also eviden- 
tiated by ELISA experiments performed with serial 
dilutions of phage particles, using biotinylated cal- 
modulin-binding peptide as capture reagent (data 
not shown) 

Selection strategy and preparation of reagents 
itl'u.c .^Liviirust tiitit J ^uiuibiL* tVtiction scheme 



for the enzymatic selection of GST-CaM- 
phage could be the one depicted schematically in 
Figure 8. 

Inspection of the three-dimensional structure 
of GST in the complex with the reaction product 
between glutathione and l-chloro-2,4-dinitroben- 
zene revealed that the C terminus of glutathione 
is solvent exposed. This suggests that it should 
be possible to produce peptides that contain 
glutathione at the N terminus and which 
remain good substrates of GST. Using solid 
phase synthesis methodologies, we prepared the 
peptide yGlu-Cys-Gly-GGGAAARWKKAFIAV- 
SAANRFKKIS (glutathione-PEP), which contains 
glutathione (indicated with three-letter code 
amino add symbols), fused to the calmodulin- 
binding peptide. Spectrophotometric analysis of 
the reaction between glutathione-PEP and 1- 
chloro-2,4-dinitrobenzene catalysed by GST 
(Widersten & Mannervik, 1995; Habig et al., 1974) 
confirmed that glutathione-PEP and glutathione 
are substrates of comparable quality for tlie 
renction. 

We then inveJii^vUcd \vh,^lhui' 1 ehkjio 3,5. din: 
crubeii/cnc de: iwitiveS j>uL»L-,[itLueu iii position 1 



Enzyme Scteciion by Phage Display 



625 




Figure 8. Selection strategy for the catalytic activity of GST displayed on calmodulin-tagged phage. The selection 
scheme features the display of dimeric GST as calmodulin fusion on phage. Glutathione, fused N-terminally to a cal- 
modulin-binding peptide which anchors it on phage, reacts with the biotinylated derivative of 4-chloro-3,5-dinitro- 
benzoic acid (4). Phage particles carrying the biotinylated calmodulin-bound reaction product (5) are isolated by 
capture on streptavidin-coated magnetic beads, and eluted selectively with the calcium chelator EDTA. 



were good substrates for the GST-catalysed reac- 
tion with glutathione. The reaction parameters 
measured spectrophotometrically for 4-chloro- 
3,5-dinitroben2oic acid (k^^^ = 0.74 8"^ ^uncat = 
3 X 10"^ s"^ M"^ Km (4-chloro-3,5-dinitrobenzoic 
add) = 0.9 mM; fC^ (glutathione) = 0.3 mM; T = 
25 *'C and pH = 7.2) were comparable to those 
reported for the GST-catalysed reaction between 
glutathione and l-chloro-2,4-dinitrobenzene 
(Marmervik & Danielson, 1988; Hansson et ah, 1997). 

On the basis of these reaction parameters, upon 
incubation of phage carrying the glutathione-PEP 
peptide bound to calmodvilin with 1 mM 4-chloro- 
3,5-dinitrobenzoic acid derivative, one can calcu- 
late that: (i) the GST-catalysed reaction of Figure 8 
should proceed to completion in less than two 
seconds; (IT) in four seconds, only 1:10,000 phages 
displaying glutathione on their surface react in an 
uncatalysed fashion with 1 mM 4-chloro-3,5-dini- 
trobei^oic acid derivativeit. 

We therefore synthesised the biotinylated 
dinitrophcnyl derivative (subiitrate 4, Tigure 8), ond 
contirmed spectrophotometrically, by Fi JSA and by 
HPI.C nnwilyris, th.nt it rcnctr- in n CST cntnlyi'.ed 
;iuiinn.i' u illi gaiUithiviie-rrP (tU;t». iwA :.!u*v» n). 



The thiol group of a glutathione-peptide derivative 
is reactive when anchored on phage 

The thiol group of glutathione-PEP peptide, 
anchored on phage via the calmodulin tag 
(Figure 8) could, in principle, be prone to oxi- 
dation, thereby losing its reactivity. To demon- 
strate that the thiol group remains reactive when 
glutathione-PEP is bound to the phage, we treated 
the GST-CaM phage with 1 mM N-[6-(biotinami- 
do)hexyl-3'-(2'-pyridyldithio)propionamide (biotin- 
HPDP), a biotinylating reagent specific for cysteine 
residues. Phage was then captured with streptavi- 
din<oated magnetic beads, and eluted with dithio- 
threitol (DTT) or with EDTA. The results of this 
experiment are summarised in Table 3. 

Comparable titres of phage were recovered by 
EDTA elution with a biotinylated peptide, or when 
glutathione-PEP was biotinylated on phage by 
reaction with biotin-HPDP. In the absence of gluta- 
thione-PEP, the titre recovered was significantly 
lower. 

The high background of phage recovered by 
DTT elution confirms that several reactive cysteine 
residues (other thon glutathione) nre directly pre- 
sent on pha^c, uv on pivileiiia li^lilly aSiii/\.iat*^J 
with phci^c (iVJci^uii ii uL, iy'OS; Je.stii» ci uL, i999. 
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Table 3. Recovery of GST-calmodulin-phage-peptidL' complex after treatment with biotin-HPDP 



Utre recovered" 

Experiment Pep-GSH Pep-biotin Biotin-HPDP DTT * EDTA 

n + - + 5 X 10^ 1.1 X 10" 

b - - + 3 X 10^ 7x10* 
c - + - n.d. 2.5 X 10" 
d - + + n^d^ 1.3 X 10" 

Biopanning experiments were performed as described in Materials and Methods; 10" phages GST-caJmoduHn-phage produced 
from phagemid pSD8 were used as input for the selection experiments, after incubation either with yGlu-Cys-Gly-GGGAAARVVK- 
KAHAVSAANRFKKIS (pep-GSH) or biotin-CAAARWKKAFIAVSAANRFKKIS (pep-biotin; Montigiani et aL, 1996). 

* After reaction with biotin-HPDP, phages were precipitated with PEG, captured with streptavidin-coated magnetic beads and 

eluted either with 20 mM DTT or with 20 mM EDTA in TBS, and titred by bacterial infection. 



S.D. & D,N., unpublished results). The thiol groups 
of cysteine residues could, in principle, be used as 
target for chemical modification of phage with 
reaction substrates, but other cysteine residues of 
phage would also react. In this respect, targeting of 
calmodulin-tagged phages with specific peptides 
(Figure 1) appears to be a more selective and poss- 
ibly a more attractive avenue for the anchoring of 
reaction substrates/products on phage in proxi- 
mity of the enzymatic active site. 



Model selection experiments using a glutathione 
derivative anchored on phage and a biotinylated 
reactive aromatic halide 

We used phage displaying GST as CaM-pIII 
fusion, prepared from phagemid pSD8 (Figure 7), 




as a model to test the selection scheme depicted in 
Figure 8. 

A total of 10^° phage particles were incubated 
with glutalhione-PEP peptide alone, with the 
biotinylated aromatic chloride (4) alone, or with a 
mixture of the two reagents. As a positive con- 
trol, biotin<:AAARWKKAFIAVSAANRFKKIS was 
used, as described above. The phage titres rescued 
in the selection procedure are reported in Figure 9. 
The titre obtained when both substrates were used 
in the reaction mixture (a), was at least 60-fold 
higher than the titre obtained when only one reac- 
tion substrate was \ised (b-d). 

This suggests that the thioether bond between 
glutathione and biotinylated aromatic chloride 
was indeed formed on GST-calmodulin displayed 
on phage. Approximately 15% of this reaction 




(a) (b) (c) (d) (e) (f) (g) 



Pigure y. MducI sclcciioiu* wiih GSl-CaM plicigc. Kccovciy ui' GST-Caivi-piuijjf \itoin pUagcjuiu pSOb), in Kj^iciionb 
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prcxreeded in an uncatalysed fashion, as 
suggested by the titre rescued when using phage 
displaying an irrelevant enzyme (submut) as 
CaM-pIII fusion (g). Furthermore, the significantly 
larger amount of phage recovered with the posi- 
tive control biotinylated peptide (e,f) suggests 
that S. japonicum GST on phage is either partially 
inactive, or partially lost by proteolysis between 
GST and calmodulin. 



Discussion 

The design and synthesis of novel enzymes has 
been defined as "the ultimate achievement in 
enzymology" (Fersht, 1984). This goal has 
become more approachable with the development 
of protein engineering (Winter et ah, 1982; 
Wilkii\5on et ah, 1984). Bom by the combination 
of the powerful advances in structural biology 
and genetic engineering, protein engineering has 
allowed the production of site-directed mutant 
enzymes, and the dissection of the role of indi- 
vidual amino acids in catalysis. In some cases, 
protein engineering techniques have resulted in 
the isolation of mutant er^ymes with improved 
stability and /or catalytic performance (Wells et ah, 
1987; Wilkinson et ah, 1984), or even with 
changes in enzyme substrate specificity (see, for 
example, Rutter et ah, 1987; Carter & Wells, 1987; 
Wu & Hilvert, 1989; Zhu et ah, 1995; Widersten 
& Mannervik, 1995; El Hawrani et ah, 1996; Feil 
et ah, 1997; Quemeneur et ah, 1998; Liu et ah, 
1998). Three-dimensional structures of enzymes 
facilitate the selection of residues to be mutated, 
on the basis of their geometric and chemical 
relation to the enzyme's active site. Yet it is diffi- 
cult to make full use of this powerful ii\for- 
mation, because of the time and work needed to 
clone, express and characterise mutant enzymes. 
Combinatorial mutagenesis (Reidhaar-Olson & 
Sauer, 1988) may facilitate the task, but unless 
efficient screening methodologies are available 
(for example, direct screening for enzymatic 
activity of bacterial colonies on agar plates; El 
Hawrani et ah, 1996; Tang et ah, 1991), the pro- 
duction and characterisation of individual clones 
may limit the efficiency of the procedure. 

Protein repertoires displayed on filamentous 
phage promise to be useful tools for the isolation 
of novel enzymatic activities. This goal is poten- 
tially achievable by emchoring reaction substrates 
on the surface of enzyme-displaying filamentous 
phage, in a way that they can reach the enzyme's 
active site. Physical isolation of those phage 
enzymes which convert the substrate into the 
desired product could then be possible with affi- 
nity reagents specific for the reaction, therefore 
allowing a direct selection for catalysis. 

As a first step towards the isolation of enzymatic 
activities from Inrge protein repertoires, \vc have 
dcvi;lo^>v.J i( nictl iLidoIog^ iV/i the cui iJitional 
cinLlii-Min^ <i\ iLMCtion siiuMttitca tind pri^Jucts on 



phage, based on the calmodulin-ligand complex 
system (Neri et ah, 1997; Montigiani et ah, 1996). 
Using glutathione-S-transferase and an endopepti- 
dase as model systems, we have shown that 
enzymes displayed on caLmodulin-tagged phage 
can be selected by virtue of their catalytic activity 
with enrichment factors greater than 50 per single 
roiond of selection. 

We expect that the efficiency of selections for 
catalysis could be improved if more enzyme can 
be displayed on phage (on average, GST or sub- 
mut are displayed on 1:100-1:1000 phage par- 
ticles, using the phagemids of Figures 2 and 7). 
The choice of enzymes with improved folding 
properties, or the use of phage (rather than pha- 
gemid) vectors is likely to result in enhanced 
enrichment factors. However, low levels of dis- 
play of antibody fragments on phage using pha- 
gemid vectors has not precluded the 
development of antibody phage technology as a 
powerful alternative to hybridoma technology. 
Indeed, with three rounds of selection/amplifica- 
tion, binding specificities against virtually any 
antigen can be rescued from large single-pot anti- 
body libraries (Winter et ah, 1994; Marks et ah, 
1991; Nissim et ah, 1994; Griffiths et ah, 1994; 
Vaughan et ah, 1996; Pini et ah, 1998). 

A possible disadvantage of the reaction scheme 
of Figure 1 is that a single conversion of substrate 
into product occiu-s for each phage. It may, there- 
fore, be difficult to discriminate between two 
enzymes with different kinetic properties. The 
stringency of the selection for catalysis (i.e. the dis- 
crimination between catalysts of different quality) 
could however, be influenced by the concentrahon 
of reagents used, the choice of the solvent, the lin- 
ker length, the use of competitors and by the reac- 
tion time and temperature. 

It is also worth mentioning that a reaction 
in trans, with one phage ervzyme catalysing the 
conversion of the substrate anchored on a different 
phage particle, would be extremely unlikely. In 
fact, selections are typically performed at phage 
concentrations below 10^^ t.u./ml, which corre- 
sponds to an upper-limit concentration for both 
phage-enzyme and substrate in the nanomolar 
range. In these conditions, most catalysed reactions 
do not proceed. 

The reaction scheme of Figure 1 crucially relies 
on the availability of affinity reagents which effi- 
ciently distinguish between reagent and product. 
This degree of specificity could be provided by 
antibodies (either produced by hybridoma or 
phage technology; Winter et ah, 1994), by single- 
stranded nucleic acids (nexamers; Gold et ah, 1995), 
or by natiu-ally occurring binders (streptavidin for 
biotinylated reaction products, lectins for oligosac- 
charides, SH2 domains for phosphotyrosine con- 
taining peptides, DNA-binding proteins for DNA, 
etc.). 

For some reactions it inny be neccssnry Xo incu- 
bate tlic ciii:yniL; i-'hu^u libiut^ will* icu^citld %xi 
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stant Km of the enzyme. For example, in selections 
with GST-calmodulin-phage, we have used a bioti- 
nylated reaction substrate (4 in Figure 8) at concen- 
trations in the millimolar range. Capture with 
streptavidin-coated beads of phages displaying the 
biotinylated reaction product would be inefficient, 
unless the excess of unreacted biotinylated sub- 
strate could be removed. The availability of rapid 
purification protocols for calmodulin-tagged 
phages, such as the PEG precipitahon described in 
Figure 4(b), has proven to be useful for removing 
reagents in excess and for stopping enzymatic 
reactions. 

Recently, Janda et al. (1997) described the direct 
selection of antibodies with glycosidic activity 
from a phage display library, by covalent phage 
trapping on a reactive support. The efficiency of 
this selection scheme can hardly be evaluated at 
the moment, as the authors used a small library 
(approximately 9000 clones), four roimds of selec- 
tion, and did not comment on the percentage of 
enzymatically active phage particles before and 
after selection. The reaction scheme of Figure 1 is 
possibly more general, as it is compatible with a 
large variety of different enzyme reactions, and 
does not require knowledge of the reaction mech- 
anism and particular chemical groups for phage 
trapping. 

It is likely that both the selection scheme of 
Figure 1 and that of Pedersen et al. (1998) will be 
useful for selecting novel enzymes from large 
repertoires on phage. Calmodulin-tagged phages 
may have the advantage that elution can be per- 
formed in a mild and selective fashion by the 
addition of calcium chelators (Figvire 1). Further- 
more, the intramolecular reaction on phage may be 
facilitated by the use of a suitably long linker either 
between substrate and calmodulin-binding pep- 
tide, or between enzyme and calmodulin (Figure 1). 
An additional benefit may be that the calmodulin- 
ligand system allows one molecule of substrate per 
molecule of enzyme displayed on phage. 



Materials and Methods 

Peptides, antibodies and chemical reagents 

Peptides and their biotinylated derivatives (modified 
at the thiol group of the N -terminal cysteine residue) 
were synthesised and HPLC-purlfied as described 
(Montigiani cl al., 1996). Peptide identity was checked by 
amino acid analysis, and by MALDI-TOF (Protein Ser- 
vice Labor, ETH Zurich). 

The antibody fragment scFv(G3), specific for S-(2,4- 
dinitrophenyOglutathione portion of the modified Gluta- 
thione-FEP, was isolated from the antibody phage 
library ETH-2 (a modified version uf the synthetic anti- 
body library reported by Pini ct al., lyyS) by alternative 
panning with BSA (bovine scrum albumin) or ovalbumin 
rhemicolly coupled to S-(2,4-dinitrophonyl)glutathionc 
according to st«wtd;)rd technicjues (Nissim ct uL, 1994). 
I'ui titer deUiils <iie dVijiiiiblc upon iet.{uesi from 
detiio rii>Ji.nu*i.bii»i.eil»x.eh. 



S-(2,4 'DiniirophenyOglutathione 

Six milligrams of lK:hloro-2,4-dinitrobenzene (3 x 10"^ 
mmol, solubilized in 200 ^l of DMSO; Aid rich) and 6 mg 
of GSH (2 X 10-2 mmol solubilised in 500 (il water and 
DMSO; Sigma) were reacted at room temperature for 
one hour in the presence of GST (0.01 mg/ml). The reac- 
tion product was HPLC-purified and characterized by 
MALDI-TOF and NMR analysis. 

Chemical modification of glutathione-PEP cysteine 
with 1-chlorO'2,4'dinitrobenzene 

A total of 0.4 mg of l-chloro-2,4-dinitrobenzene 
(2 X 10"' mmol, solubilized in 70 jil DMSO; Aldrich) and 
0.6 mg of glutathione-PEP (2 x 10"^ mmol, solubilised in 
130 \il water) were reacted at room temperature for one 
hour in the presence of GST (0.01 mg/ml). The reaction 
product was HPLC-purified and characterized by 
MALDI-TOF, 

Biotinylated 4-chloro-3,5'dinitrobenzoic acid derivative (4) 

Seven milligrams of 4-chloro-3,5-dinitrobenzoic acid 
(2.8 X 10"^ mmol; Aldrich) and 55 mg of l-(3-di- 
inethylaminopropyl)-3-ethyl-carbodiimide hydrochloride 
(2.9 X 10-^ mmol; Aldrich) solubilised in 500 ml of 
CHCI3 were reacted at room temperature for five min- 
utes. Then 3 mg of Biotin-e-aminocaproyl hydrazide 
(8 X 10"^; solubilised in DMSO; Sigma) were added. 
After 90 nunutes the reaction product was HPLC-puri- 
fied and characterised by MALDI-TOF and by NMR. 

Vectors 

Phagemid pDN323 is a derivative of pHENl 
(Hoogenboom et al., 1991), in which the gene coding for 
the myc tag has been replaced by the Xempus laevis cal- 
modulin gene (Neri et al, 1995). It was obtained by PCR 
amplification (one minute at 94**C, one minute at 55 "^C 
and two minutes at 72 "C for 25 cycles; conditions as 
described by Marks et a!. (1991)) of the calmodulin gene 
with oligos CAMBANO and CAMG3FOR (Table 4) and 
of the fd phage gene III with oligos CAMG3BACK and 
LMB2 using pHENl as a template (Hoogenboom et a!., 
1991). These two genes were then assembled by PCR 
(Marks et al., 1991) using oligos CAMBANO and LMB2 
(one minute at 94°C, one minute at 55 °C and two min- 
utes at 72 °C for 25 cycles). The resulting gene, coding 
for a calmodulin-amber-gene III fusion, was subcloned 
in the Notl/EcoRl sites of pHENl. 

pSD4 is a derivative of pDN323, coding for a 16 
amino acid residue linker between calmodulin and the 
polylinker (Figure 7). The modified calmodulin-glll gene 
fusion was obtained by PCR amplification using primers 
LMB2 and CamLinkl3not, using pDN323 as template. 
The resulting PCR product was subcloned into the Notl/ 
EcoRl sites of pCANTAB6. 

For pSD3, the glutathione-S-transferase gene from 
S. japonicum was rcR amplified from vector pGEX-4T 
(Pharmacia Biotech, Piscataway, NJ, USA) with oligos 
GSTDANCO and GSTFONOTl, then subcloned into the 
Nco\/Not\ sites of pDN323. The same insert yielded vec- 
tor pFV7 when subcloned into the NcoJ/Not\ sites of 
pCANTAR6 (Vnughan ct nL, 199r-,), nnd vector PSD8 
when subcloned into the 'Nco\/Kol\ sites i>f pSD4. 

vviiicii uliuv\i, uie ui:>pit»y uf tiie i'L/vG linetir 
peptide it»pp t.' al., iv.-^t'>; (in kMiinotitilin- i^i^Ljevl |.»h.i^c. 
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was obtained by PCR amplification using primers LMB3 
and FLAGNOT and pHENl as template. The resulting 
product was subcloned into the Hindlll/Notl sites of 
pDN323. 

For pSM5, the gene of the anti-lysozyme antibody 
fragment scFv(D1.3), obtained by Ncol/Not\ digestion 
from pDN5 (Neri et at., 1996), was subcloned into the 
Ncol/Notl sites of pDN323. 

For pAHl, the catalytic domain of the insulin receptor 
tyrosine kinase domain (Hubbard et al., 1994) was PCR 
amplified with oligos IRKBANCO and IRKFONOT, then 
subcloned into the Ncol/Notl sites of pDN323. The same 
insert, subcloned into the Ncol/Notl sites of pCANTAB6 
(Vaughan et al., 1996), yielded vector pAH2. 

pAH5 is a bicistronic phagemid vector derivative of 
pSD4 (Figure 2). The mutations H64A, A73L and the del- 
etion 75-63 (Strausberg et al., 1995) were introduced into 
the subtilisin BFN' {Bacillus amyloliquefaciens) gene as fol- 
lows. Two gene fragments were PCR amplified with 
oligo pairs SBTbanco/GnnH64Afo, and Gnbamut/Gen- 
enfonot, respectively. These two PCR fragments were 
assembled and amplified with oligos SBTbanco and Gen- 
enfonot. The resulting gene was cloned with Ncol/Notl 
sites into pSD4,, to yield phagemid pSUBT. Using stan- 
dard techniques, a ribosome binding site (rbs) preceding 
an ompA leader, the Pro peptide of subtilisin and two 
stop signals were then Introduced at the unique 
Hindlll site of pSUBT: 



For PSM6, the catalytic domain of the Ick tyrosine 
kinase domain was PCR amplified with oligos LCKFO- 
NOT and LCKBANCO, then subcloned into the Ncol/ 
Natl sites of pDN323. 

pFV67 allows the display of a GST-calmodulin-pUl 
fusion protein in which the amber codon is inserted 
between the calmodulin and the glutathione-S-transfer- 
ase. The calmodulin coding sequence, preceded by the 
TAC amber codon, was obtained by PCR amplification 
of the calmodulin gene of pDN323 vector with oligos 
AmbCaMbaNo2 and CGfo. A PCR assembly with oligos 
AmbCaMbaNo2 and LMB2 long allowed its fusion with 
the gene III already amplified from the pDN323 vector 
with oligos CGba and LMB2 long. The resulting product 
was cloned in the Notl/EcdKl sites of pFV7. 

pFV68 allows the display of a calmodulin-GST-pIII 
fusion protein on the surface of filamentous phage 
(Figure 7). The calmodulin coding sequence, PCR ampli- 
fied from pDN323 with oligos CaMBaNco and GSTCam- 
fo, and the S. japonicum GST gene, PCR amplified from 
vector pGEX4T/2 (Pharmacia Biotech) with oligos 
GSTCaMba and GSTfoNotl, were fused by PCR assem- 
bly (Marks et al., 1991) performed with oligos CamBaNco 
and GSTfoNotl. The resulting product was cloned in the 
Ncol/Notl sites of pHENl. 

For pFV70, the human glutathione-S-transferase gene 
coding for the Al-1 isoform, was PCR amplified with oli- 
gos GST-Alhl-ba and GST-Alhl-foNot from a human 



Hindlll rbs M K K T 

AAGCTTA CGAATTTCTAGATAACGAGGGCAAAA AATGAAAAftGACA 

S 



ompA 



AQASGKSN 
GCGCAGGCC TCTGGGAAATCAAAC 
Bglll Hindlll 
GATCTAAGCTT 



Pro 



V A H A Y * * 
GTAGCACATGCGTACTGATAA 



Table 4. List of oligonucleotides 



CAMBANO 

CAMG3FOR 

CAMG3BACK 

UvlB2 

LMB3 

FLAGNOT 

IRKBANCO 

IRKFONOT 

fdseql 

Gnbamut 

SBTbaNco 

GenenfoNol 

GnnfoH64A 

CainLinkl3not 

GSTBANCO 

GSTFONOTl 

LCKi-ONOT 

LCKBANCO 

AmbCa mbano2 

Cgfo 

Cgba 

Cam banco 
GSTCamfi> 
GSTCamba 

c;sr-Aihi-bii 

CST-Alhl-foNot 



5'- ACT TCC GCC ATA GCG GCC GCT GAC CAA CTG ACA GAA GAG CAG -3' 

5'- CTT TC A ACA GTC TAC TTT GCT GTC ATC ATT TGT ACA AAC -3^ 

5'- CAA ATG ATG ACA GCA AAG TAG ACT GTT GAA ACT TGT TTA GC -3' 

5'- GTA AAA CGA CGG CCA GT -3' 
5'- CAG GAA ACA GCT ATG AC -3' 

5'- GAG TCA TTC TGC GCC CGC CTT GTC ATC GTC GTC CTT GTA GTC CTG CAG CTG CAC CTG CGC 
CAT GG -3' 

5'- ATC GAC CCA TGG CCC AGG TGT CCT CTG TGT TTG TGC CGG ACG AGT GGG AGG TG -3' 
5 - GAG TCA TTC TGC GGC CGC CTC CTC ACT CTC GGG AGC CTT GTT C -3' 
5'- GAA TTT TCT GTA TGA GG -3' 

5 - CGG AAC TCA CGT TGC CGG CAC AGT TCT GGC TGT TGC GCC AAG CGC ATC ACT T -3' 

5'- GGT TCC ATG GCC GCG CAG TCC GTG CCT TAC G -3' 

5'- CCA AGG TTC CGG CCG CCT GAG CTG CCG CCT GTA CGT T -3' 

5'- GTG CCG GCA ACG TGA GTT CCG GCA GAG TTG TTG TCT TGG AAA GGA -3' 

5'- TCC ATG ATA GCG GCC GCA GGT GGC GGT GGA AGT GGC GGT GGT GGC TCT GCT GAC CAA 

CTG ACA GAA GAG -3' 

5'- AAT CGA CCC ATG GCC CAG GTC CAG ATG TCC CCT ATA CTA GGT TAT TGG -3' 

5'- GAG TCA TTC TGC GGC CGC GGA TCC ACG CGG AAC CAG ATC CG -3' 

5'- ATG CAA TGA 1 GC GGC CGC AGG CTG AGG CTG GTA CIG GCC CIC -3' 

5 - TCT ATA GCC ATG GCC CAG GTG CAG AAG CCC CAG AAG CCG TGG TGG -3' 

5'- AGT TCC GCC ATA GCG GCC GCT TAG GCT GAC CAA CM ACA GAA GAG C -3' 

5'- ACT TTC AAC AGT ACC CTT TGC TGT CAT CAT TTG TAC -3' 

5'- CAA ATG ATG ACA GCA AAG GGT ACT GTT GAA AGT TGT TTA GC -3' 

5 - AAl CGA CCC AIG GCC CAG GlC CAG GCI GAC CAA CIG ACA GAA GAG CAC -J 

5'- CA I ACC TCC CCC AGA TCC GCC ACC CTT TGC TGT CAT CAT TTG TAC AAA -3' 

5'- CGT GGC GGA TCT GGC GGA CGT ATG TCC CCT ATA CTA GGT TAT TGG -3' 

5'- GCC CAG c; ix; CAt; gca c;ac; aag ccc aag cic cac t ac rrt: aa i gc -y 

^'^ CAC TCA TTC TCC CCC CGC CCC ACA ACC AAA CCT CAA AAT CTT CCT TCC TPC -3' 

q'. ACT \rr. rrr nrc: ccc r ag ccc, CCC ATC ccc tag c:tg c\c c^ca gag a '\c cc 

S - GTA AAA CGA CCC CCA GTG AAT TC -3' 
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liver cDNA library (Human liver QUICK-Clone, Clon- 
tech). A further PGR amplification of the product with 
oligos GST-Alhl-baSfi and GST-Alhl-foNot was necess- 
ary to introduce an Sfil restriction site. The rcsvilting pro- 
duct was inserted in the Sfi\/Not\ sites of pSD4 vector. 



Phage ELISA 

Phages were prepared according to standard pro- 
cedures, and phage ELISA assays were performed essen- 
tially as described (Nissim et aL, 1994), but using a 
commercialy available horseradish peroxidase-labeUed 
anti-M13 antibody (Cat no, 27-9411-01; Pharmacia 
Biotech, Piscataway, NJ, USA) as detecting reagent. Cal- 
modulin binding activity was assayed using strep tavidin- 
coated plates (Cat. no. 1645 492; Boehringer Mannheim^ 
Germany), which had been incubated for ten minutes at 
room temperature with 1(X) ^il of a 10 ~^ M solution of 
biotin-labelled CAAARWKKAHAVSAANRFKKIS pep- 
tide (Montigiani et aL, 1996) in PBS (phosphate-buffered 
saline; 50 mM phosphate (pH 7.2), 100 mM NaCl). The 
plates were then washed three times with PBS, blocked 
for 20 minutes with 2% (w/v) skimmed milk in PBS 
(2% MPBS), then washed three times with PBS and 
used for ELISA, Binding assays in the presence of Ca^"^ 
were performed by adding to each well 30 ^il of 10% 
skimmed milk in TBSC (50 mM Tris-HCl (pH 7.4), 
100 mM NaCl, 1 mM CaCt) and 80 \jX phage in TBSC 
(10'^ t.u./ml). After 30 minutes incubation at room tem- 
perature, the plates were washed five times with TBSC 
and 0.1% (v/v) Tween-20, and five times with TBSC. 
To each well, horseradish peroxidase-labeUed anti-M13 
antibody (diluted 1:2000 in 2% milk dissolved in TBSC) 
was then added. After 20 minutes incubahon, the plates 
were washed five times with TBSC and 0. 1 % Tween-20, 
and five times with TBSC. The plate-boimd peroxidase 
was detected with the ready-to-use BM-Blue soluble 
substrate (Cat. no. 1484281; Boehringer Mannheim, 
Germany). Binding in the absence of Ca^"*" was tested in 
a similar fashion, but replacing TBSC with TBSE 
(50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 20 mM 
EDTA) in all the steps. 

For the other ELISA assays, antigens were coated on 
microtitre plates (Cat. no. Falcon 3912, Becton Dickinson 
Labware, Oxnard, CA, USA) overnight at room tempera- 
ture as follows: anti-FLAG M2 antibody (Kodak), 5 j.ig/ 
ml; hen egg lysozyme (Sigma, St. Louis, MO, USA), 
3 mg/ml; anti-GST monoclonal antibody GST-2 ascites 
(Cat. no. G-1160; Sigma), 1:1000 dilution; anti-/cfc polyclo- 
nal antibody (2102, Cat. no. sc-13; Santa Cruz. Biotech- 
nology, Inc., Santa Cruz, CA, USA), 5 ng/ml. PBS was 
used as buffer for the incubation and wash steps as 
described (Nissim et aL, 1994). 



Stability of calmodulin-tagged phage- 
peptide complexes 

A 10"** M solution of a biotinylated calmodulin-bind- 
ing peptide (CAAARWKKAFIAVSAANRFKKIS or 
CAAAKAKKNFlAVSAANRFKKiS; Montigiani et aL, 
1996) was added to calmodulin- tagged phage prep- 
arations (10'- t.u,/ml) in TBSC and incubated for ten 
minutes. To the resulting mixture, aliquolod in different 
tubes, unlnhcllcd CAA ARWKKAFTAVSAANKFKKIS 
peptide in 100l)-t\>ld molar excess (10 M) uiis ndded nt 
dii'lL'iciu iitiio. i iu: tiactiim lil j.»hiige p4Uliciu^ in vviiieii 
cIk: biutiii) i.iii d pcpli*.!*.: iuid been icpliKwi L'\' ihe 



unlabelled peptide was then determined by ELISA as 
described in the previous section. 

Stability of calmodulin-tagged phage peptide com- 
plexes to PEG precipitation was checked as follows. 
A 10~* M solution (final concentration) of a biotinylated 
calmodulin-binding peptide CAAARWKKAFIAV- 
SAANRFKKIS was added to 1 ml of calmodulin-tagged 
phage (10*^ t.u./ml) in TBSC and incubated for ten min- 
utes. To this solution, 20% (v/v) polyethyleneglycol 
6000 and 2.5 M NaCl was added (200 \A) and the result- 
ing mixture was incubated on ice for one hour, then cen- 
trifuged in a bench centrifuge (13,000 rpm for five 
minutes). The pellet was resuspended in 1 ml of TBSC. 
The titres of the phage solutions before and after PEG 
precipitation were then determined. The fraction of 
phage particles that were still peptide-bound after the 
PEG precipitation procedure was evaluated by ELISA, 
using a streptavidin-coated plate (see previous section). 



Rescue of calmodulin-tagged enzymes on phage 

Phage displaying enzyme-calmodulin as gene Ill-pro- 
duct fusion (GST-CaM h-om vector pSD3; insulin recep- 
tor tyrosine kinase-CaM from pAHl) was mixed with a 
molar excess of phage displaying only the enzyme as 
gene ni-product fusion (from vectors pFV7 and pAH2, 
resp>ectively; see previous section) in 1 ml of TBSC con- 
taining 2% BSA and 10"^ M biotin-CAAARWKKAHAV- 
5AANRFK1GS peptide. After ten minutes incubation, 
100 ^l of streptavidin-coated M280 Dynabeads (Cat. no. 
112.05; 10 mg beads/ml; DYNAL, Oslo, Norway), pie- 
blocked in TBSC containing 2% BSA, was added. The 
tubes were mixed for ten minutes, and the magnetic 
beads were captured on a magnet (Cat. no. 120.04; 
DYNAL) and washed five times with TBSC and 0.1 % 
Tween-20, then five times with TBSC. Phages were 
eluted with TBSE (five minutes incubation), saturated 
with calcium, used to infect exponentially growing TGI 
E. coli cells (Gibson, 1984), then plated on TYE agar 
plates containing 100 mg/l ampicillin and 1 % (w/v) 
glucose. Phage for further rounds of panning was pro- 
duced as described (Nissim ct aL, 1994). The ratio of the 
two phages after selection was obtained by PCR screen- 
ing of single colonies (Marks ct aL, 1991), using oligos 
LMB3 and fdscql (Figure 2(a)). 

Submut-CaM -phage (lO^'' t.u.; obtained from phagc- 
mid pAH5), was incubated at room temperature for five 
minutes in TBSC, in the presence or the absence of 
100 nM DYKDEGGGAAARWKKAFIAVSAANRFKKIS 
peptide. The resulting peptide phage complex was preci- 
pitated in PEG (as described above) resuspended in 
100 jil of TBSC. Streptavidin-coated M280 Dynabeads 
(50 nl) were diluted to 500 pi in 3% BSA/TBSC, contain- 
ing 0.4 ng of biotinylated Ml anti-FLAG antibody 
(Kodak). Unbound antibody was removed by magnetic 
capture; the resulting beads were resuspended in 100 pi 
of 3% BSA/TBSC and incubated with the phage-peptide 
complex for 30 minutes. Subsequent washing, elution 
and titre determination were then performed. 

Capture experiments with the in situ generation of 
reaction products were performed at substrate concen- 
trations comparable to tlte Kj^ of the enzyme. Subniul: 
1 g/1 gcncnasc I (New England Biolabs; kind gift from 
Dr Paul Carter, Cenentcch Inc.. San Francisco CA) was 
incubated In the presence or in the absence of 0.4 g/1 
GAAHYDYKDECCGAAAKVVKKAFIAVSAANRFKKIS 
pepcidt.- in 5 bucYcr S juM ui i', dvO iiiM iNiiiCl, 

X> niM Tris-Cl iy\ I i:>h :* in.V! CjCi:., 'So mj^/i i'.vlSi-) U>i 



Enzyme Selection by Phage Display 631 



45 minutes at 37 ""C. To these mixtures, 75 |al of TBSC 
and 20 \i\ of CaM-phage (10^' t.u., from pSD4) were 
added, followed by incubation at room temperature for 
15 minutes. The subsequent capture with Ml-streptavi- 
din-Dynabeads was performed as described above. 

Glutathione-PEP (12 ^1; 10'^ M) and 10 y(\ of l-chloro- 
2,4-dirutrobenzene (5 x lO"-* M) were allowed to react 
for five minutes at room temperature in the presence of 
GST (0.08 mg/ml). To this reaction mixture, calmodulin- 
phage (pSD4; 10^* t.u.) and TBSC were added, to a final 
volume of 100 nl. After five minutes incubation, the mix- 
ture was precipitated twice in PEG, resuspended in 
100 ^il of TBSC containing 3 % BSA, and captured onto 
scFv(G3)-coated Dynabeads, which were prepared as 
follows. 

Streptavidin-coated M280 D3mabeads (50 ^l), pre- 
blocked in TBSC containing 3 % BSA, were reacted with 
biotinylated antibody M2 (M2 reacts with the FLAG pep- 
tide tag of the scFv, Pini et al., 1998) The tubes were 
mixed for ten minutes, then the magnetic beads were 
captured on a magnet and washed twice with TBSC. The 
beads were then resuspended in TBSC containing 3% 
BSA and 5 jig/ml of purified scFv(G3) After 30 minutes 
mixing, the magnetic beads were captured on the mag- 
net, and washed three times with TBSC. 

Phage captured onto scFv(G3) Dynabeads were 
washed five times with TBSC and 0.1 % Tween-20, three 
times with TBSC, and eluted with TBSE (five minutes 
incubation). The resulting solution was saturated with 
calcium chloride, used to infect exponentially growing 
TGI E. coll cells, then plated on TYE agar plates contain- 
ing 100 mg/1 ampicillin and 1 % glucose. 

Phage titre determinations 

Phage preparations with the deavable helper phage 
KM13 were obtained and titered as described 
(Kristensen & Winter, 1998). Briefly, phage particles pro- 
duced with KM13 or VCS-M13 helper phages were 
either titered directly or incubated 15 minutes at 37 °C 
after addition of one- tenth in volume of bovine pancrea- 
tic trypsin (10 g/1, Sigma). A molar excess of £. coli TGI 
in 2 X TY at a density of about 4 x 10^ cells/ml was then 
added to the phage and incubated at 37 °C for 30 min- 
utes. The cells were plated on ampiciilin-containing 
plates and grown overnight at 37 ''C. 

Selections with the submut-calmodulin-phage 

Submut-CaM-phage (10^^ t.u.) was incubated in 200 nl 
of buffer Z (0.5 mM DTT, 200 mM NaCl, 50 mM Tris- 
HCI (pH 8), 1 mM CaClj, 50 mg/1 PMSF) with 10 mg/l 
peptide DYKDEGGGAAARWKKAFIAVSAANRFKKIS, 
GAAHYDYKDEGGGAAARWKKAFIAVSAANRFKKIS 
or GDDDDKDYKDEGGGAAARWKKAFIAVSAANRFK- 
KIS at 37 '^C for 15 minutes. After precipitation with 
PEG, phages were captured with Ml-streptavidin-Dyna- 
beads as described above. 

In a competition experiment, submut-CaM-phage 
(9 X 10"* t.u.) was mixed with GST-CaM-phage (10^" t.u.) 
and 10 mg/1 peptide (either GAAHYDYKDEGG- 
GAAAKWKKAF1AVSAANRFKK15 or GDDDDKDYK- 
DEGGGAAAKWKKAFIAVSAANRFKKIS) in 200 pi of 
buffer 7. (above). A small aliquot of this mixture was 
u<:cd to infc»ct TCl bacteria. PCR jscrocning of tho result- 
ing colonics was Lisod lc> confiiin tin: ratio phaj^cs 
uscu lor sclcctiun. After 13 iniiiuCL*^ t%i S/ C cind unu 
I'lXi-prci.ij.»iuuii»n, phagu.'> \\ t:rt: i. j[>u:ri;ii u itii .xii-sircp- 



tavidin-Dynabeads as described above, and used to 
infect exponentially growing TGI bacteria. The ratio of 
the two phages after selection was obtained by PCR 
screening of single colonies using oligos LMB3 and 
fdseql. 

Selections with GST-calmodulin-phage 

GST-CaM-phage (pSD8; 10^° t.u.), preblocked in TBSC 
containing BSA (10 mg/ml), were added to a lO""^ M 
glutathione-PEP solution in 180 nl TBSC. After 
30 seconds incubation/ 20 ^1 of 5 mM biotinylated 4- 
chloro-3,5-dinitrobenzoic acid derivative ((4) Figure 8) 
was added. After 15 seconds of incubation, the reaction 
mix was precipitated twice in PEG, resuspended in 
200 |il of TBSC containing 3% (w/v) milk powder and 
BSA (1 mg/ml), captured on streptavidin-coated Dyna- 
beads and eluted with TBSE as described above. 

The reactivity of the thiol group of glutathione-PEP on 
phage was assayed as follows. GST-CaM-phage (pSD8; 
10^° t.u.), preblocked in TBSC contairung BSA (10 mg/ 
ml), was added to 180 nl of TBSC solution, containing 
either 0.1 ^M glutathione-PEP, biotin-CAAARWKKA- 
FIAVSAANRFKKIS, or no peptide. After 30 seconds 
incubation, 20 \i\ of 5 mM Biotin-HPDP (Pierce) was 
added. After 15 seconds, the reaction mixture was preci- 
pitated with PEG twice and captured on streptavidin- 
coated Dynabeads as described above. Phages were 
eluted by five nunutes incubation either with TBSE or 
with a 20 mM DTT solution, used to infect exponentially 
growing TGI £. coli cells, then plated on TYE. agar 
plates containing 100 mg/1 ampicillin and 1 % glucose. 

Measurements of enzymatic parameters and calcu- 
lations of the time requirements for catalysed and unca- 
talysed reaction of substrates anchored on phage. 

The kinetic parameters (^^au ^uncau ^m) 'he GST-cat- 
alysed reaction between 4-chloro-3^dinitrobenzoic acid 
and glutathione in PBS (pH 7.2) at 25 *C, were measured 
spectrophotometrically as described (Habig ei al., 1974). 

In the reaction scheme of Figure 8^ the effective con- 
centration of glutathione anchored on phage can be 
assximed to be grater than the of GST for glutathione. 
At concentrations of biotinylated 4-chloro-3,5-dinitroben- 
zoic acid derivative (4) greater than K^, the time 
required for one GST-catalyscd reaction on phage is 
approximately equal to l/^cji- 

The uncatalysed reaction of phage-anchored gluta- 
thione with a molar excess of (4) follows a pseudo-first 
order reaction kinetic (Fersht, 1984). We can therefore 
calculate that the time necessary to react 0.01 % of 
phage-anchored glutathione with 4-chloro-3,5-dinitro- 
benzoic acid derivatives (4) at a concentration 14] is 
equal to: 

ro.01% = (-ln(0.9999)]/(;cuncat x 14J) 
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